Lakes play a large role in global atmospheric and landscape carbon (C) processes, but their role may change as they become polluted with nutrients. Geographic regions rich in surface waters are also prone to agricultural and urban development and so may become increasingly eutrophic as the population rises. Here we develop C budgets of highly eutrophic lakes. These analyses show that lakes undergoing eutrophication can become atmospheric carbon dioxide (CO 2 ) sinks because of the CO 2 disequilibrium caused by extreme primary production. C budgets of such lakes show they absorb both landscape and atmospheric C, converting it into lake sediments and passing additional dissolved organic C (DOC) downstream. Eutrophication may cause a reversal in the role played by oligotrophic lakes by promoting atmospheric C sequestration as sediment and DOC. This means that as eutrophication increases from agriculture and urbanization, the expected large CO 2 evasion to the atmosphere by natural lakes will decline substantially and inland C sequestration and enrichment of DOC in waters flowing to the sea will be augmented. Thus, we suggest that the global C role of eutrophication is worthy of future consideration because it represents an interface between 2 large, converging environmental problems, whose interaction may reverse the role of lakes in the global C cycle.
Introduction
Despite their small terrestrial footprint (3-15%; Downing and Duarte 2009), lakes, ponds, wetlands, rivers, and streams are now known to be important and active components of the global C cycle (Cole et al. 2007 ). Lakes process so much terrestrial dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) that their annual global carbon dioxide (CO 2 ) emission to the atmosphere is as great as the delivery of C to the sea by all rivers worldwide. Although only a few lake C budgets exist, they typically indicate that a substantial portion (e.g., median 20%; Tranvik et al. 2009 ) of the C input from air and watersheds is emitted to the atmosphere through respiration (Battin et al. 2009 ) and photodegradation of DOC (von Wachenfeldt and Tranvik 2008 ). This conclusion, however, has been largely based on analyses of pristine, oligotrophic ecosystems, often in Nordic environments (e.g., Canada, Finland, Sweden) that have low levels of human disturbance.
Lakes, ponds, rivers, and streams are being degraded globally through anthropogenic eutrophication as growing human populations increase demands for food, energy, and fiber that intensify agriculture and increase sewage and industrial wastewater effluents (Tilman et al. 2001) . The global correlation of agricultural fertilizer use (Potter et al. 2010 ) and the global distribution of lakes and reservoirs (Downing and Duarte 2009, Barros et al. 2011; Fig. 1) suggest that anthropogenic eutrophication may already dominate some regions and will have major future influences in others.
The relationship between latitude and fertilizer application ( Fig. 1) indicates a broad north-south coherence in their distribution, although differences in longitude between surface waters and agriculture at a given latitude may separate them in space in some parts of the world. Some evidence indicates that eutrophic lakes diverge quantitatively and qualitatively from oligotrophic lakes in the conversion of DIC to autochthonous particulate C (Peters 1986) , the supply of allochthonous particulate organic carbon (POC; Berhe et al. 2007) , oxygen depletion and decomposition (Meding and Jackson 2001) , the conversion and supply of DOC (Huang et al. 2006) , and the emission of greenhouse gases (Wang et al. 2009 ). The expectation from previous studies of less productive lakes is that a substantial fraction of the C budget would be lost to the atmosphere via out-gassing of CO 2 and that land-derived DOC would be reduced as it passes through the lake ecosystems. A few analyses suggest that eutrophic lakes may have an increased ratio of production to respiration (P:R; del Giorgio and Peters 1994) , and this may lead to CO 2 input to the system from the atmosphere (Finlay et al. 2010) . Also, a C budget from a eutrophic reservoir revealed low CO 2 evasion to the atmosphere and high rates of C sedimentation (Knoll et al. 2013) .
In this study, we used a mass-balance approach to estimate the annual C budgets of 5 eutrophic lakes in one of the most intensive agricultural regions in the world (Downing et al. 1999 ; Table 1 ). Our objective was to determine how eutrophication of this group of lakes can alter C processing and possibly reverse the role played by oligotrophic lakes by promoting atmospheric C sequestration as sediment and DOC.
Study sites
The 5 eutrophic lakes (Table 1) used for the C budget analyses are located in the Midwestern United States (state of Iowa). In this region, >90% of the land has been converted to some form of agriculture over the last 150 years (Arbuckle and Downing 2001) .
Material and methods
We assessed inputs and outputs of dissolved and particulate organic and inorganic C and gaseous exchange of CO 2 for each lake for at least 1 year using standard techniques. Inputs and outputs of C were estimated for surface waters, groundwater, and atmospheric deposition. Stream inputs and outputs were measured over monthly to bimonthly intervals. Gaseous exchanges with the atmosphere were estimated monthly to bimonthly from CO 2 concentrations in the surface waters of the lake. Atmospheric deposition and groundwater C concentrations were estimated from regional data. Thus, as others have done ), we were able to estimate the fraction of inputs and outputs composed of DIC, DOC, POC, and CO 2, and, by difference, the amount likely sequestered as sediment deposition.
To assess C processing in lakes, the following mass balance equation was applied:
POC in + DOC in + DIC in + DOC gw + DIC gw + TOC dep = POC out + DOC out + DIC out + OC s + CO 2flux + ΔTC st where TOC is total organic carbon, OC is organic carbon, the subscripted "in" signifies the inflow from the catchment, "gw" is input from groundwater, "dep" is atmospheric wet deposition, "out" is outflow from the lake, "s" is permanent burial in sediment, CO 2flux is the CO 2 flux between water and atmosphere (positive flux denotes net gas flux from the lake to the atmosphere), and ΔTC st is the change in the pool of C in the lake over each sampling time period (2 weeks to 1 month). POC in and POC out were calculated as the difference of measured TOC and DOC from the input and output streams, respectively.
The pools of DIC, DOC, and POC were calculated by multiplying the concentrations by the total volume of the lake. The whole water balance was calculated to determine the input and output from surface tributaries and groundwater contribution of carbon. POC, DOC, and DIC inflow and outflow (POC in , DOC in , DIC in , POC out , DOC out , DIC out ) were calculated from monthly measured concentrations in streams and stream flows estimated from depth measured every 5 minutes and depth versus discharge rating curves. To estimate DOC gw and DIC gw , the groundwater concentrations of DOC and DIC were assumed to be 1.5 and 31.5 mg L −1 , respectively (Sadorf and Linart 2000) .
We calculated the partial pressure of CO 2 (pCO 2 ) in the surface water from monthly measured DIC, pH, temperature, and air pressure using equilibrium constants (Downing and Duarte 2009 ) area compared to the global distribution of the application phosphorus (P) and nitrogen (N) fertilizers to agricultural lands (Potter et al. 2010) . Eutrophication reverses whole-lake carbon budgets Inland Waters (2013) 4, pp. 41-48 and Henry's constant (Weiss 1974) . We then estimated the flux of CO 2 across the air-water interface (CO 2flux ) from the difference between lake pCO 2 and atmospheric pCO 2 (assumed to be 375 µatm), and wind speed (Cole and Caraco 1998) . Although eutrophic lakes may be sources of methane (CH 4 ; Yang et al. 2008) , C exchange as CH 4 was not included in our analyses because these rates are small relative to CO 2 . We assumed atmospheric wet deposition of C (TOC dep ) via precipitation over the lakes to be 2.5 g m −2 yr −1 of C based on data collected in United States (Gill et al. 2000) . We calculated sediment burial as the difference between inputs and outputs of C and compared these by evaluating agreement with direct, long-term estimates .
Results and discussion
We found substantial uptake of atmospheric CO 2 over the annual cycle (Fig. 2) . In 4 of the 5 lakes, there was net annual atmospheric CO 2 flux into the lakes, suggesting that intensive primary production in this group of eutrophic lakes generally reduces lake CO 2 concentrations to levels below atmospheric equilibrium. In one lake (Black Hawk) we observed a small net annual evasion of CO 2 to the atmosphere, likely due to a large up-stream wetland complex that may supply more labile DOC and high alkalinity and therefore high potential CO 2 supply from DIC. This evasion represented <5% of the total C leaving the lake, however. Counter to expectation, DOC concentrations increased as they passed through the lake, suggesting that plant and algae growth, fueled by watershed DIC and atmospheric C influx, leads to the creation of DOC. In oligotrophic lakes, DOC is more easily photomineralized than DOC from eutrophic lakes with high algal production (Bertilsson and Tranvik 2000) . Also, turbid waters in eutrophic lakes impede photodegradation. As expected, a large portion of the C leaving the active lake water column was deposited as organic sediment, and calculations from these budgets were in close agreement with direct measurements in other eutrophic lakes .
Lake C fluxes varied substantially across different seasons (Fig. 3) . Uptake of CO 2 from the atmosphere was prevalent during winter, summer, and autumn. In spring, shortly after ice cover was lost, 3 of the 5 lakes lost substantial CO 2 via degassing, possibly reflecting the accumulation of CO 2 under ice due to decomposition. DOC increased as a fraction of C efflux compared to influx in all lakes and seasons. Unlike oligotrophic lakes, eutrophic Table 1 . Limnological characteristics of the 5 lakes for which C budgets were calculated. Chemistry and transparency estimates are all averages measured over a year or more. Lakes are located in the agricultural state of Iowa, USA, known to be one of the most intensively agricultural regions in the world (Arbuckle and Downing 2001) . Lakes have become eutrophic over the past 150 years of agricultural development (Heathcote and Downing 2012 C burial in eutrophic lake sediments has been suggested to provide some of the most rapid rates of C sequestration in the biosphere (Downing 2009 ). Furthermore, burial rates can be higher in temperate systems as a consequence of low mineralization rates compared to tropical systems (Mendonca et al. 2012 ). In the studied lakes, C burial is largely seasonal, with the highest percentage rates of sedimentation in autumn and winter when turbulence and primary production decline due to seasonal climate patterns and ice cover. Sediment C deposition represents a small fraction of the budget in spring and summer when turbulence is high due to wind mixing and water column stability is low. DIC contributes a large and nearly constant portion of the C input except in winter when atmospheric CO 2 input is impeded by ice cover. The lack of atmospheric input due to ice cover apparently increases the proportion of C influx that arises from watershed and groundwater DIC. In contrast to previous studies of lake CO 2 fluxes, our eutrophic lakes generally showed high rates of atmospheric CO 2 uptake rather than substantial and consistent evasion (von Wachenfeldt and Tranvik 2008) . Except after ice-out in spring, these eutrophic lakes functioned as autotrophic atmospheric C sinks rather than sources of CO 2 to the atmosphere. Fluxes of atmospheric CO 2 are negative like those seen in highly autotrophic ecosystems such as forests or peat lands, rather than positive like those seen in oligotrophic temperate lakes, reservoirs, and tropical lakes and wetlands (Table 2) . Rates of CO 2 uptake averaged about 6 g m −2 yr −1 of C, which is the reverse of the trend of substantial evasion expected on the basis of previous studies. These estimates are not sufficiently large, however, to balance the large rates of burial of watershed organic C measured for small eutrophic systems . This suggests that the high rates of organic C burial found in small eutrophic systems are largely the result of sequestration of watershed-derived DIC, DOC, and POC (Fig. 2) , and that this burial is not offset by evasion of substantial CO 2 to the atmosphere.
The best correlate of CO 2 uptake and evasion in these ecosystems is average dissolved oxygen concentrations calculated from midday values at the surface (0.5 m; Fig. 4 ). If these lakes reflect general conditions of gas balance, CO 2 evasion from eutrophic lakes to the atmosphere is only prevalent if annual mean oxygen concentrations are approximately <95% saturation. In lakes with dissolved oxygen >95% saturation, lake CO 2 uptake seems to be common, which may reflect the high rate of respiratory loss of CO 2 in lakes where decomposition is sufficiently rapid to depress dissolved oxygen on a regular basis, or it may reflect the under-saturation commonly found when phytoplankton production is so high that dissolved oxygen concentrations are maintained at supersaturated levels through primary production.
Although we did not consider CH 4 fluxes here, the production and ebullition of CH 4 in bottom sediment may be important in the atmospheric impact of lakes. CH 4 flux is complex and depends on many factors, including temperature, water depth, and the amount of organic C available (King and Wiebe 1978 , Schutz et al. 1990 , Sorrell and Boon 1992 . The ebullitive flux to the atmosphere in temperate eutrophic lakes varies seasonally: negligible during fall and winter but may increase during summer and account for >90% of the total CH 4 flux to the atmosphere (Martinez and Anderson 2013) . Although CH 4 may represent a small fraction of the C flux , and therefore was not included in our mass balances, the ebullitive flux during the summer may offset the climate importance of the CO 2 uptake by temperate eutrophic lakes because CH 4 emissions have a global warming potential of 25 compared to CO 2 over a 100-year period. This high global warming potential suggests that eutrophic lakes may be important for trapping large amounts of C from the watershed and atmosphere in the sediment, but the atmospheric export of even a small amount of CH 4 would likely minimize the utility of eutrophic lakes to climate change mitigation.
A recent synthesis examining the role of lakes and impoundments in regulating the C cycle and climate implied that the global emission of CO 2 to the atmosphere is currently similar in magnitude to CO 2 uptake by the oceans ). It further concluded that the role of inland waters in the global C cycle and climate forcing may be changed by the construction of impoundments that accumulate C in sediments. Because of the apparent spatial correlation of inland waters with high rates of agricultural fertilization (Fig. 1) , we suggest that eutrophication of these waters may lead to decreases in CO 2 emissions across much of the globe and enhancement of sequestration of C in eutrophic lakes, both from atmospheric and watershed sources. The significant role of inland waters in global C budgets may be rapidly altered in direction and magnitude by human activities such as eutrophication. Fig. 4 . Relationship between the direction and magnitude of atmospheric CO 2 flux related to the annual average dissolved oxygen concentration in the upper mixed zone of each lake. The dissolved oxygen concentration was measured in the lake between 9:00 and 14:00 h over each sampling time period (2 weeks to 1 month). Concentrations are expressed as a fraction of oxygen saturation. The best correlate of CO 2 uptake and evasion in these ecosystems was average dissolved oxygen concentrations over the season. The correlation likely derives from atmospheric CO 2 uptake due to high phytoplankton production, which draws down CO 2 while generating dissolved oxygen. 
